Gene phlG encoding 2,4-diacetylphloroglucinol hydrolase was cloned from Pseudomonas sp. YGJ3 and expressed in Escherichia coli. Recombinant PhlG was purified homogeneously. It required 2-mercaptoethanol for stability. K m for 2,4-diacetylphloroglucinol and k cat were determined to be 24 M and 5.8 s À1 respectively. CoCl 2 specifically and significantly activated PhlG.
2,4-Diacetylphloroglucinol (2,4-diacetyl-1,3,5-trihydroxybenzene, DAPG), one of the secondary metabolites produced by fluorescent pseudomonads, is an antibiotic that represses the growth of pathogenic microorganisms in the rhizoshere.
1) It is a key compound in the biocontrol of Pseudomonas fluorescens.
2-4) The DAPG-producing bacterium itself must be tolerant toward DAPG. This is due to both PhlE, a pump protein that discharges DAPG out of the cell, 5) and PhlG, a hydrolase that converts DAPG to less toxic monoacetylphloroglucinol (MAPG) according to the following equation: DAPG þ H 2 O ! MAPG þ CH 3 
COO
À þ H þ . 6) Gene phlG has been cloned from P. fluorescens CHA0 and P. fluorescens Pf-5 and expressed as PhlGHis 6 and His 6 -PhlG (the His-tags were attached to the Cand the N-terminus of PhlG respectively) in Escherichia coli. 6, 7) The three-dimensional structure of His 6 -PhlG (PDB id 3HWP) revealed PhlG to be zinc hydrolase. 7) Characterization of PhlG is essential to understand the physiological basis of the biocontrol of pseudomonads, but little information is available on the biochemical properties of native PhlG without the His-tag. Although the biosynthesis of DAPG is significantly and intricately influenced by various metal compounds, including Cu 2 SO 4 , ZnSO 4 , and CoCl 2 , depending on culture conditions, 8) His-tagged PhlG is unsuitable for examination of the effect of metal ions on PhlG. We attempted to purify PhlG from the DAPG-producing bacterium Pseudomonas sp. YGJ3 to determine its molecular and catalytic properties. A preliminary experiment indicated that PhlG was unstable and that strain YGJ3 produced only a small quantity of PhlG. In this study, gene phlG was cloned and expressed in E. coli to produce recombinant PhlG.
DAPG and MAPG were purchased from Toronto Chemical Research (Toronto, Canada) and Tokyo Chemical Industry (Tokyo) respectively. The activity of PhlG was determined at 25 C by measuring the decrease in A 370 (" ¼ 4:0 mM À1 cm À1 ). The reaction mixture (3 mL) contained 50 mM 2-morpholinoethanesulfonic acid (MES) pH 6.0, 1 mM 2-mercaptoethanol, 50 mM DAPG (15 mL of 10 mM ethanolic solution was added), and the enzyme. The M r of the enzyme was determined by gel filtration with a column (1:8 Â 22 cm) of Superdex 200 (GE Healthcare, Buckinghamshire, UK), which was equilibrated with PM buffer (50 mM potassium phosphate pH 7.0, containing 10 mM 2-mercaptoethanol), and was calibrated with standard proteins as described previously. 9) In a previous study of cloning of the DAPG biosynthetic locus phlHGFACBDEI from Pseudomonas sp. YGJ3 (GenBank accession no. AB636682), a 6.3-kb SphI DNA fragment carrying phlG was cloned into pUC18 to obtain plasmid pUSS6.3.
9) Hence pUSS6.3 was used as the source of phlG. It was digested with HincII, and a HincII 1.3-kb DNA fragment bearing phlG as sole open reading frame was subcloned into pUC18 to give plasmid pUHH1.3. pUHH1.3 was transferred into E. coli XL1-Blue MRF 0 (Stratagene, La Jolla, CA). Recombinant E. coli was cultured at 37 C for 9 h in Luria-Bertani medium containing ampicillin (50 mg/ mL) and 1 mM isopropyl -thiogalactopyranoside. The bacterial cells were collected at 4 C by centrifugation, washed with 50 mM potassium phosphate pH 7.0, and stored at À25 C until needed. Enzyme purification was done at 0-4 C. The bacterial cells (about 4.6 g wet weight) obtained from 1.5 L of liquid culture were suspended in about 15 mL of PM buffer and disrupted by sonication. After centrifugation, the supernatant was diluted to 150 mL with PM, and was treated with (NH 4 ) 2 SO 4 . The fraction obtained at 35-65% saturation was collected by centrifugation, dissolved in 5 mL of PM, and loaded onto a column (3 Â 40 cm) of Superdex 200 equilibrated with PM. The active fractions were pooled and applied to a column (1:2 Â 12 cm) of Q Sepharose (Pharmacia, Uppsala, Sweden) equilibrated with PM. PhlG was eluted just after a large flow-through peak. The active fractions were pooled, and Q Sepharose column chromatography was repeated as above. The active fractions were pooled. The protein was precipitated by the addition of (NH 4 ) 2 SO 4 (75% saturation) and dissolved in 4 mL of 50 mM potassium phosphate pH 7.0. Solid (NH 4 ) 2 SO 4 (1.5 M) and 2-mercaptoethanol (10 mM) were added, and then the solution was loaded on a column (2:2 Â 4:5 cm) of Phenyl Sepharose (GE y To whom correspondence should be addressed. Fax: +81-58-294-4633; E-mail: maruyama@gifu-u.ac.jp Abbreviations: DAPG, 2,4-diacetylphloroglucinol; MAPG, monoacetylphloroglucinol; PAGE, polyacrylamide gel electrophoresis Healthcare) equilibrated with PM containing 1.5 M (NH 4 ) 2 SO 4 . The column was washed with 60 mL of the equilibration buffer, and then PhlG was eluted with a linear gradient established with 60 mL of the equilibration buffer and 60 mL of PM. The active fractions eluted at about 0.2 M (NH 4 ) 2 SO 4 were pooled and stored on ice without freezing.
PhlG-His 6 of P. fluorescens CHA0 has an extra 13 residues at the true N-terminal Met residue due to inadequate assignment of the open reading frame (GenBank accession no. AF207529). If this is taken into consideration, the PhlG proteins of Pseudomonas sp. YGJ3, P. fluorescens CHA0, and P. fluorescens Pf-5 (GenBank accession no. CP000076, locus tag PFL 5952) are composed of 294 amino acid residues with a predicted M r of 34 kDa, and only a few residues are different from each other: the amino acid residues at positions 38, 141, and 221 are T, C, and G in PhlG of strain YGJ3, S, C, and D in PhlG of strain CHA0, and S, R, and D in PhlG of strain Pf-5 respectively. The threedimensional structure of His 6 -PhlG indicates that these amino acid residues are located in different positions than the catalytic site of the enzyme. 7) PhlG was purified from E. coli XL1-Blue MRF 0 carrying pUHH1.3. Table 1 summarizes the purification procedure. It shows 22-fold purification with 3% recovery of PhlG. Purified PhlG gave a single protein band at 35 kDa on SDS-polyacrylamide gel electrophoresis (PAGE) (Fig. 1) . Its M r was determined to be 65 kDa by gel filtration, suggesting that it is composed of a homodimer like His 6 -PhlG of P. fluorescens Pf-5.
7)
The enzyme bound Zn 2þ was qualitatively measured with 4-(2-pyridylazo)resorcinol by the method of Hunt et al. 12) PhlG showed an absorption maximum at 279 nm, a shoulder at 290 nm, and an absorption minimum at 252 nm. The A 279 =A 252 ratio was 2.29. The A 280 of a 0.1% solution was estimated to be 0.81. No significant absorption was found in the visible region. Purified PhlG was rapidly inactivated in the absence of 2-mercaptoethanol or DTT. The inactivated enzyme partially reactivated (less than about 20% of the original activity) under treatment with 10 mM 2-mercaptoetanol. It was also irreversibly inactivated by freezing and thawing. It showed a pH optimum at about pH 6.0 (MES). It lost about half of its activity when incubated at 47 C for 20 min, and was completely inactivated at 55 C. The kinetic constants, K m and k cat , were determined by double reciprocal plot to be 24 mM and 5. of PhlG-His 6 of P. fluorescens CHA0 indicated that Histagged PhlG had a markedly higher K m value than PhlG. 6, 7) This might have been due to the presence of an extra peptide chain at the N-terminus in His-tagged PhlG. MAPG competitively inhibited the enzyme (K i ¼ 87 mM), while 2-hydroxy-and 4-hydroxyacetophenone were ineffective. To identify inhibitors or activators, PhlG was preincubated at 25 C for 5 min with various reagents, and then residual activity was measured. Metal chelators (0.5 mM each), including 2,2 0 -dipyridine, 8-hydroxyquinoline, 1,10-phenanthroline, tiron, and EDTA, were not effective. The enzymebound Zn 2þ is located at the bottom of a deep narrow pocket in the His 6 -PhlG molecule, 7) and might not be accessible to metal chelators. Diethyl pyrocarbonate (0.5 mM) inhibited the enzyme by about 60%. MgCl 2 , CaCl 2 , ZnCl 2 , NiCl 2 , and FeCl 3 were almost ineffective. CuCl 2 weakly inhibited PhlG, while CoCl 2 markedly activated it (Fig. 2) . Activation of PhlG required preincubation with CoCl 2 for at least 2 min, possibly due to binding of Co 2þ to PhlG. CoCl 2 showed a hyperbolic saturation curve in the micromolar range. The binding of Co 2þ might induce a conformational change in PhlG, increasing the catalytic activity of Zn 2þ coordinated by H129, E160, H270, and E274. 7) Alternatively, Co 2þ might form an additional catalytic site distinct from the Zn 2þ site. Although PhlG has a HXHXD metal binding motif at residue nos. 168-172, 13) there must be Co 2þ -specific coordination ligands like those found in molinate hydrolase. 14) D203 and H204 locate near the motif, 7) and are likely candidates for coordination ligands. Apart from these questions to be settled, Co 2þ appears to be one of the regulatory factors 
10)
b One unit of enzyme activity was defined as the amount catalyzing the hydrolysis of 1 mmol of DAPG per min under the assay conditions, and specific activity was expressed as units per mg of protein. in DAPG biosynthesis.
In conclusion, PhlG from Pseudomonas sp. YGJ3 had three distinctive features as compared with His-tagged PhlG: (i) a strict requirement of 2-mercaptoetanol for stability, (ii) a lower K m value for DAPG, and (iii) specific and marked activation by CoCl 2 .
